Abstract
Introduction

70
Cardiovascular disease and stroke are leading causes of morbidity and mortality in developed 71 countries, and together claim annually approximately 800,000 lives in the US (28). Native (pre-72 existing) collaterals in tissues limit the severity of ischemic tissue damage (24, 34, 35) . These humans with similar impact, although the sources of this variation remain unclear (24, 34, 35) . The number of collaterals that form during collaterogenesis is the major determinant of the 101 number present in the adult. However, a second process, post-natal maturation, also contributes.
102
Maturation extends from E18.5 through approximately post-natal day (P) 21, depending on 103 mouse strain, and consists of a pruning away of a percentage of the nascent collaterals (5, 10).
104
Those that remain undergo wall maturation, increase their diameter and length, and begin to 105 acquire their characteristic tortuosity.
107
Chloride intracellular channel-4 (CLIC4) is a member of a 7-membrane-spanning family of 108 proteins (CLICs), and is one of two members expressed in ECs and other vascular wall cells-109 the other being CLIC1 which when deleted has no effect on collaterogenesis or collateral 110 maturation [8] . Usually residing in the cytoplasm, CLIC4 can also be found in the mitochondria, 111 endoplasmic reticulum, nucleus and plasma membrane, and translocates between compartments 112 (3, 22, 31, 37, 39) , including to the nucleus during metabolic stress, growth arrest, apoptosis, and
113
TGFβ signaling (40). Several studies have begun to define vascular functions of CLIC4. The purpose of the present study was to determine the role of CLIC4 in cerebral collaterogenesis.
122
Deletion of CLIC4 had no effect on embryonic collateral formation. StepOnePlus (AB Biosciences) and analyzed using the delta-delta CT method and StepOnePlus 176 software. Gene expression was normalized to endogenous β-actin expression. Samples were 177 analyzed in triplicate, and data from 3-4 RT-PCR samples were averaged.
178
Immunohistochemistry. Brains were fixed in 4% PFA and digested with 1 mg/ml collagenase 179 (Sigma, #C0130), and 100 μg/ul Proteinase K (Qiagen, #19131) in PBS at 37°C for 20 minutes.
180
Brains were permeabilized with 0.05% Triton (4°C overnight), blocked and exposed to anti- collagen type 1 (Millipore #08-115) (modified from (2)). On day-6, rings were fixed and stained
191
with anti-VE-cadherin (1:300, BD, #55048) and an AlexaFluor-conjugated secondary. Sprout
192
counts were obtained live on blinded samples using a dissecting microscope, and sprout length 193 was determined using Image J.
194
Statistics.
Values (mean±SE) were tested with independent t-tests or ANOVA followed by
195
Bonferroni analysis (SPSS; PASW Statistics 18) with significance set at p<0.05.
197
Results
198
CLIC4 deficiency impairs collateral maturation but not collaterogenesis
199
To determine if CLIC4 deficiency in C57BL/6 mice affects collateral formation, we used 200 immunohistochemistry to identify pial collaterals at E16.5 and E18.5. Embryonic arteries cannot 201 be reliably filled with opaque solutions because they rupture under pressure. Thus, lumen 202 diameter, which is easily measured in the adult, cannot be reliably measured in embryos.
203
Collateral number in Clic4 -/-mice was similar to WT at both E16.5 and E18.5 (Figure 1 A,B) .
204
We then examined collateral number and diameter in P7, P14 and adult mice after infusion of mice on a mixed C57BL/6-CD1 background.
219
Isolated E18.5 pial meninges in CLIC4-deficient embryos indeed expressed less Vegfa than 220 control mice, and levels were restored but not inflated by Vegfa overexpression. (Figure 2A ).
221
Whole cortex homogenate showed no difference in Vegfa expression between the groups and 222 may reflect tight compensatory Vegfa regulation in developing cortical neurons ( Figure 2B ).
223
Vegfa-overexpression in Clic4
-/-embryos did not alter collateral number at E18.5 ( Figure 2C ). consisting predominantly of collagen IV that persists for weeks as an empty sheath after pruning.
232
We immunostained isolated P4 pia mater for the EC marker VE-cadherin and collagen IV and 233 all distal arteriolar-arteriolar collagen IV-positive /VE-cadherin-negative segments were counted. sheaths was similar to WT ( Figure 2D ) and is consistent with Figure 2B showing no 239 collateral pruning in this group. ~3-fold larger infarctions than WT mice (Figure 4) , confirming a previous report using CD1- In contrast to collateral maturation, we found that Clic4 deletion had no apparent effect on 342 formation of the embryonic pial plexus or its remodeling into artery and vein trees. Deletion also 343 had no effect on angiogenesis in the aorta ring assay. Consistent with these findings, a previous 344 study (43) We also observed that Adam10 expression was increased in P4 CLIC4-KO pial membranes.
423
ADAM10 is a membrane-anchored sheddase that cleaves proteins from the cell membrane, and 424 is well known for its role in cleaving Notch to form the bioactive notch intracellular domain.
425
We previously showed that endothelial-specific knockout of ADAM10 during collaterogenesis Values are group means ± SE; n=3 for each group, each sample comprised pooled pial membranes of 3-
